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Model

Transmission dynamics

We developed an age-structured dynamic transmission model to simulate the spread of
the novel coronavirus (SARS-CoV-2) in the United States (US). We divided our
population study into four () age groups in the model, including 0-19, 20-49, 50-64, and
65+ years of age. Infection occurs through age-dependent contacts between susceptible
and infectious (symptomatic) individuals, defined by a contact matrix M within the
community, and a contact matrix M within households. Once susceptibles (S) become
infected, they follow the natural history of the disease, and remain in the incubation
period (E) for an average period of 1/7 days. After the incubation period has elapsed,
infected individuals develop symptomatic disease. A proportion 6 of these



symptomatic cases develop a mild form of illness, while the remaining exhibit more
severe and critical illness.

For the severe and critical cases, we assumed a proportion 4 of patients immediately
self-isolate themselves (based on the knowledge of having contacts with infectious
cases) within their home (&) and the remaining proportion continues to follow normal
activity in the general population (I). Of these severe cases who did not self-isolate
directly upon symptom onset, a fraction J1 will practice self-isolation after diagnosis
during symptomatic disease (corresponding to an average of 1/ days after symptom
onset).

A proportion, 1 — h, of severe and critical symptomatic patients will recover without
the need for hospitalization or critical care. The remaining proportion will require
hospitalization (and/or intensive care in ICU). Patients not needing hospitalized care
experience an average 1/ duration from onset of symptoms to recovery. For patients
requiring hospitalization (H), the average time from symptom onset to hospital
admission is 1/0 days. A fraction c of admitted patients will occupy ICU beds (C).

We assumed that a proportion mu of hospitalized patients die after an average period
of 1/ b1 days post admission, while the remaining proportion recover with an average
1/%n length of hospital stay. Similarly, for those admitted to the ICU, a proportion mc
die after an average duration of 1/tc days post admission. The remaining fraction

1 — mc of ICU patients recover after an average length of 1/Yc days.

For the cases experiencing mild illness (A), we assumed that they do not immediately
self-isolate upon symptom onset. Rather, a proportion /4 of these mild cases practice

self-isolation after 1/7a days from symptom onset (a parameter that was varied in our
simulations). In addition, these cases exhibiting mild symptoms do not require
hospitalization or admission to the ICU. We also assumed that the relative infectivity
of mild illness compared to severe and critical illness is reduced by 50%.

The dynamics of infection and control measures described here are schematically
illustrated in Figure A1, and presented by equations (A1)-(A10) in the model. This
model was used to investigate the effect of timely identification of symptomatic cases,
self-isolation, and determine the hospital surge capacity required for treatment of
severely and critically ill patients.
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Figure A1: Schematic diagram of the model for natural history of the disease and
implementation of self-isolation and hospitalization.

Table A1: Description of the compartments for the COVID-19 transmission model

Variable Description

Sa Susceptibles in age group a
E, Exposed individuals in age group a
ANg Mild symptomatic cases (without self-isolation) who will not need hospitalization in age group a

Aga Mild symptomatic cases who practice self-isolation and will not need hospitalization in age group a

Ing Severe symptomatic cases (without self-isolation) who will not need hospitalization in age group a

ON,a Severe symptomatic cases who practice self-isolation and will not need hospitalization in age group a
Iy, Severe or critical symptomatic cases (without self-isolation) who will need hospitalization in age group a

OHa Severe or critical symptomatic cases who practice self-isolation and will need hospitalization in age group a

H, Number of cases in the hospital (non-ICU) for age group a
C, Number of cases in the ICU for age group a
F, Population size for age group a.




System of equations
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Table A2: Description of the parameters included in the system of equations
Parameter Description Units
B Transmission rate per contact
M, Contact rate between people in age group a and people in age group ¢ contacts per day
M, Household contact rate between people in age group a and people in age group ¢ contacts per day
K Relative infectivity of mild illness compared to severe and critical illness
1/ Average duration of incubation period days
1/7 Average time from symptom onset to self-isolation for severe and critical cases day
1/74 Average time from symptom onset to self-isolation for mild cases day
6 Proportion of cases that exhibit mild symptoms
q Proportion of severe symptomatic cases who practice self-isolation upon symptom onset
h Proportion of symptomatic patients with severe and critical illness requiring hospital care or ICU
c Proportion of hospitalized cases requiring ICU
fi Weight for self-isolation after symptom onset for severe and critical cases
fa Weight for self-isolation after symptom onset for mild cases
1/y Average time from symptom onset to recovery days
1/6 Average time from symptom onset to hospitalization days
luc Time from ICU admission to death day
1ug Time from hospitalization (non-ICU) admission to death day
mc Weight associated with the model death rate among ICU patients
my Weight associated with the model death rate among hospitalized (non-ICU) patients
1/vu Length of hospital stay before recovery days
1/yc Length of ICU stay before recovery days
A The number of age groups




Description of parameters and their estimation

Mortality

We define the probability of mortality in the hospital to be Pm. The mortality rate is
denoted by I, the rate to recovery in the hospital is denoted by ¥, and model weight of
mortality in the hospital is denoted by m. Therefore, the probability of mortality in the
hospital is expressed as

mp
- : All
P = i+ (1 —m)e (A1)
Thus, the weight assigned to the mortality rate is
m P (A12)

B pm¢ + (1 - pm),u'
Contact Matrix

We used an estimated contact structure for the US that was based on contact surveys
and demographic data (1). This structure was based on age classes spanning five
years, ranging from 0-4 to 75-79. We first aggregated the number of contacts for each
of our age classes 0-19, 20-49, 50-64, and 65+, with the age stratification of contacts
still at five year intervals. Since the contact structure went to age 79, we used the span
of 65-79 demographics for the purpose of compressing the contact matrix from the
demographic data (2). We then determined the average number of contacts for in
individual class J based on our age stratification and the demographics of the US:

anaj NnKn,1
anaj Nn, ’

where Nn is the number of individuals in age range n — 4 to n, %i is the maximum age

Xij = (A13)

for class J, Ko jis the aggregated number of contacts in age rage n — 4 to n for age
class i. We then determined the symmetric contract matrix by evaluating the average
number of contacts

X+ X7
XX7), (AL4)

2

For non-isolated individuals, we used the contact matrix that specified all locations,
while the home contact matrix was utilized for isolated individuals (1).

M =



Table A3: The community contact matrix for the various age groups

M 0-19 20-49 50-64 65+
0-19 9.76 3.77 1.51 0.60
20-49 3-77 9-43 3.05 0.70
50-64 1.51 3.05 2.96 0.76
65+ 0.60 0.70 0.76 1.25

Table A4: The isolation contact matrix for the various age groups

M 0-19 20-49 50-64 65+
0-19 2.04 1.56 0.50 0.38
20-49 1.56 1.51 0.45 0.24
50-64 0.50 0.45 1.04 0.19
65+ 0.38 0.24 0.19 0.64

Average length of stay in ICU

We used the average time spent on a ventilator as a measure for the length of stay in
the ICU. The median time spent on an invasive ventilator was 17 days, where cases
spent a median of nine days on non-invasive ventilation (3). Of the cases in the ICU,
47.2% were on invasive ventilation and 41.7% required noninvasive ventilation (4).
Normalizing based on ventilation only, the average time spent on ventilation is
approximately 13.25 days.

Infectious period (used as a proxy for time to recovery from onset of symptoms in non-
hospitalized patients)

We used the average duration of the serial interval (7.5 days) and the average
duration of the incubation period (5.2 days), to approximate the infectious period of
cases that would not be hospitalized (5). Since infection is random, the infectious
period is twice the difference of the average serial interval and average incubation



period. Thus, we estimate the infectious period to be 4.6 days.

Calibration of transmission rate for Reproductive Number

To calibrate the transmission parameter 5 for Ro=2 and 2.5, we used the next
generation method (5, 6). For calibration, we considered that there is no self-isolation (

q=0and f=0).

Table A5: Description of parameters and their values/ranges.

Description

(units in days) Variable| o0-19 20-49 50-64 65+ Reference
0.0493, | 0.0493, | 0.0493, | 0.0493, |Calibrated to

Transmission rate B 0.0616 0.0616 0.0616 0.0616 Ro=2, 2.5

Relative infectivity of mild

illness compared to severe

and critical illness K 0.5 0.5 0.5 0.5 (7)

Average duration of LogN LogN LogN LogN

incubation period 1/o (5.2,0.1) | (5.2,0.1) | (5.2,0.1) | (5.2,0.1) (5)

Proportion of cases that

exhibit mild symptoms

(based on reported cases

in different age groups) 0 0.80 0.80 0.40 0.20 Assumed

Proportion of severe

symptomatic cases who

practice self-isolation upon

symptom onset q 0.05 0.05 0.05 0.05 Assumed

Average infectious period 1/© 4.6 4.6 4.6 4.6 Estimated

Weight for self-isolation

after symptom onset for

severe and critical cases fr 0.80 0.80 0.80 0.80 Assumed

Weight for self-isolation

after symptom onset for 0.05 - 0.05 -

mild cases fa 0.05-0.2 | 0.05-0.2 0.2 0.2 Varied




Average time from
symptom onset to self-
isolation for severe and

critical cases 1/T1 1 1 1 1 Assumed
Average time from

symptom onset to self-

isolation for mild cases 1/Ta 1-2 1-2 1-2 1-2 Varied
Average time from

symptom onset to

hospitalization 1/6 Unif(2,5) | Unif(2,5) | Unif(2,5) | Unif(2,5) (8)
Proportion of symptomatic

patients with severe and

critical illness requiring Estimated
hospital care or ICU h 0.025 0.32 0.32 0.64 from (8, 9)
Proportion of hospitalized Estimated
cases requiring ICU c 0.014 0.042 0.075 0.15 from(8)
Proportion of hospitalized

cases that die Pm 0.235 0.235 0.235 0.235 Average(8)
Time from hospitalization

(non-ICU) admission to

death 1/pu 9.7 9.7 9.7 9.7 Average (8)
Length of hospital stay

before recovery 1/Yu 10 10 10 10 4)
Weight associated with the

model death rate among

hospitalized (non-ICU)

patients mg 0.2296 0.2296 0.2296 0.2296 Calculated
Time from ICU admission

to death 1/uc 7 7 7 7 (10)
Length of ICU stay before

recovery 1/Yc 13.25 13.25 13.25 13.25 Estimated
Weight associated with the

model death rate among

ICU patients mc 0.1396 0.1396 0.1396 0.1396 Calculated
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Figure A2. Projected rates of death per 1000 patients in different age groups with (A)
Ro=2, and (B) Ro=2.5. Scenarios presented here correspond to 5% self-isolation one day
after symptom onset. Colour bars illustrate the mean values, and box plots indicate the
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Results for the incidence of Hospitalization at the outbreak peak

Table A6: The projected number and time to peak of hospitalization for weekly
incidence of all non-ICU and ICU patients for 5%, 10%, and 20% self-isolation of
individuals with mild illness. Reported estimates are mean and interquartile range
(IQR) for an average time of two days and one day to self-isolation after symptom onset.

1/7 = 2 days 1/t = 1day
Weekly incidence at peak Time to peak Weekly incidence at peak Time to peak
(IQR) (weeks) (IQR) (weeks)
Ro=2.5 |f Non-ICU ICU non-ICU | ICU Non-ICU ICU non-ICU | ICU
5% 1,977,792 187,528 15 16 1,660,505 15,2381 18 18
(1,756,289 — (163,955 - (1,510,103 — (130,440 —
2,247,367) 212592) 1,913,314) 181,238)
10% 1,606,428 148,162 18 19 1,452,042 132,968 20 21
(1,399,439 — (127,084 - (1,281,246 — (112,203 -
1,862,190) 172,038) 1,644,254) 155,489)
20% 1,452,042 132,968 20 21 1,020,907 93,175 27 28
(1,281,246 — (112,203 - (925,355 — (83,664 —
1,644,254) 155,489) 1,183,133) 107,196)
Ro=2
5% 937,883 83,779 22 22 740,437 66,031 26 26
(871,737 - (74,701 — (662,009 — (57,640 —
1,027,012) 94,936) 832,803) 75,584)
10% 846,694 76,104 23 23 541,545 47,500 35 35
(763,526 — (67,171 - (485,132 - (39,704 —
969,444) 86,179) 620,644) 54,664)
20% 714,651 63,633 27 28 277,665 23,963 56 57
(655,716 — (56,010 — (249,308 — (20,116 —
825,268) 73,053) 322,613) 28,554)
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f: proportion of individuals with mild symptoms who practice self-isolation

1/1: average time to self-isolation post symptom onset for individuals with mild
symptoms

ICU: intensive care unit
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